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ORIGINAL ARTICLE
Multiple markers of cortical morphology reveal evidence of
supragranular thinning in schizophrenia
K Wagstyl1, L Ronan1, KJ Whitaker1, IM Goodyer2, N Roberts3, TJ Crow4 and PC Fletcher1,5
In vivo structural neuroimaging can reliably identify changes to cortical morphology and its regional variation but cannot yet relate
these changes to specific cortical layers. We propose, however, that by synthesizing principles of cortical organization, including
relative contributions of different layers to sulcal and gyral thickness, regional patterns of variation in thickness of different layers
across the cortical sheet and profiles of layer variation across functional hierarchies, it is possible to develop indirect morphological
measures as markers of more specific cytoarchitectural changes. We developed four indirect measures sensitive to changes
specifically occurring in supragranular cortical layers, and applied these to test the hypothesis that supragranular layers are
disproportionately affected in schizophrenia. Our findings from the four different measures converge to indicate a predominance of
supragranular thinning in schizophrenia, independent of medication and illness duration. We propose that these indirect measures
offer novel ways of identifying layer-specific cortical changes, offering complementary in vivo observations to existing post-mortem
studies.
Translational Psychiatry (2016) 6, e780; doi:10.1038/tp.2016.43; published online 12 April 2016
INTRODUCTION
The cerebral cortex has a predictably varying laminar structure.1
Individual layers exhibit differing histological composition, regio-
nal distributions,2 developmental trajectories,3 physiology4 and
hypothesized functional roles.5 The question arises whether a
subtle variation in these components could contribute to the
spectrum of psychiatric syndromes including schizophrenia.6
However, direct identification of these putative lamina changes
is necessarily limited to post-mortem analysis given that structural
magnetic resonance imaging (MRI) methods currently cannot
resolve individual cortical layers in vivo.
Accumulating evidence from several approaches has indicated
that there are alterations in the supragranular layers in
schizophrenia.6 These include deficits in small interneurons,7
reduced density of calbindin cells in layer II,8 as well as changes in
neurotransmitters, receptors,9 pyramidal cell density and
morphology,10,11 and mRNA expression12 in layers II and III. In
addition, supragranular thinning has been measured in the
dorsolateral prefrontal cortex (DLPFC/BA46)13 although the extent
of these changes across the cortex has not been established.
Although there is some heterogeneity reported in the neuro-
pathology of schizophrenia,14 supragranular layer changes appear
to be a consistent finding and are not caused by prolonged
exposure to antipsychotic medication15 or alcohol abuse.16 In vivo
studies of cortical structure in schizophrenia have identified
regional changes in cortical thickness17 and surface area,18 but
limits to MRI resolution mean that direct markers of supragranular
cortical change are not currently available.
We attempted to address this problem indirectly by capitalizing
on principles of structural brain organization that potentially
differentiate between alterations in the infragranular (V and VI)
and supragranular (I–III) layers of the cortex in vivo. Specifically, we
identified four measures that are relatively specific to supragra-
nular change and used these measures to evaluate a previously
acquired data set19 from people with schizophrenia, in order to
determine whether measurable neuroanatomical changes favored
the prediction that cortical pathology in schizophrenia is pre-
dominant in supragranular layers. The four measures are
explained below.
First, the thicknesses of supra- and infragranular layers are
consistently different between the crowns of gyri (where
infragranular layers are thicker) and the depths of sulci (where
supragranular layers are thicker) (Figure 1).2,20–22 This is a product
of deformation of the cortex under folding, such that layers that
are on the outside of a fold (lower layers in sulci and upper layers
in gyri) are stretched and thinner, whereas layers on the inside of
folds are compressed and thicker.20 For example, in the prefrontal
cortex, the supragranular layers make up 70% of the thickness of a
sulcal fundus but only 49% of the adjacent gyral crown.2 Thus,
despite sulci being generally thinner than gyri,2,23 supragranular
layers have an increased relative and absolute thickness in sulci. It
follows from these clear folding-related differences in sulci and
gyri that supragranular thinning will affect sulci disproportio-
nately. This was the first hypothesis tested here. Specifically, if
neuropathology in schizophrenia results in a disproportionate
reduction in supragranular layer thickness, we would expect to
measure disproportionate thinning of sulci, particularly in regions
where these layers are more prominent. This is a general principle
that may be applied to the whole brain or to individual lobes and
brain regions.
Second, turning to small-scale (but quantifiable) measures of
cortical morphometry in the form of intrinsic curvature,24 we
predict that these will also vary with supragranular layer
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changes.19 Specifically, changes observed superficially (on the pial
surface) could feasibly be related to thinning of superficial layers,
whereas those observed on the white matter surface could more
feasibly be related to thinning in deeper layers. Moreover, in line
with the reasoning outlined above, we expect these changes to be
more prominent in sulci than gyri.
Third, it is known that cytoarchitecture is not uniform across the
healthy human cortex1—and that layer thicknesses exhibit
significant and consistent variability.2,25 One clear variation in
regional patterns of supragranular thickness can be seen across
DLPFC/BA46 (where it tends to be thicker) and the anterior
cingulate/BA24 cortex (where it is particularly thin). We therefore
hypothesized that supragranular thickness alterations in patholo-
gical cases may be more prominent in DLPFC, where these layers
are thicker, than in anterior cingulate cortex, for example, where
these layers are thinner. An extension of this hypothesis is that the
pattern of sulcal-specific thinning should follow supragranular
layer thicknesses in healthy individuals.2
Finally, as well as gyral–sulcal differences, gradients of
supragranular (I–III/IV) layer thickness exist within sensory
hierarchies. In particular, sensory hierarchies have a gradient of
absolute cortical thickness, with thinner primary sensory regions
and progressively thicker higher cortical regions.26 Supragranular
layers are the origin of feedforward connections, communicating
incoming sensory information. They are relatively thicker in these
lower sensory regions.2,25 By contrast infragranular, feedback
layers (V and VI) are more prominent in higher sensory and frontal
cortical areas. Therefore, a loss of supragranular thickness should
result in a relatively steeper gradient of cortical thickness across
the structural hierarchy of sensory systems (that is, preferential
reduction of cortical thickness in lower sensory regions).
In summary, we aimed to capitalize on basic biological
observations of the natural variation in supragranular thickness
in order to relate alterations in magnetic resonance-based
measurements of cortical thickness and curvature to underlying
supragranular changes. In order to demonstrate the applicability
of these measures, we applied them in a schizophrenia case–
control cohort.
Our main objective was therefore to quantify supragranular-
specific differences in cortical structure measured on structural T1-
weighted MRI scans of patients with schizophrenia. We predicted
that the cortex in schizophrenia would not only be thinner in line
with previous magnetic resonance-based and neuropathological
studies, but that disproportionate changes to the upper cortical
layers would, on the basis of the above principles, cause thinning
to be disproportionate in sulci (which have a greater supragra-
nular thickness) and lead to abnormal curvature of the pial, but
not the white matter surfaces, particularly in sulci. In addition, the
principles lead us to hypothesize that disproportionate sulcal
thinning would be greater in regions with thicker supragranular
layers such as BA46 but not in anterior cingulate cortex. Finally, we
predicted that the gradient of thickness in the visual hierarchy
would be steeper in patients with schizophrenia. These four
measures taken together may be adopted as macroscale
surrogate markers of changes not accessible with current MRI
measures.
MATERIALS AND METHODS
Forty-six patients (36 males; 33.2 ± 9 years) were recruited by collaborating
psychiatrists from Oxfordshire and Berkshire Mental Healthcare Trusts, and
with the guidance of the Oxford and Berkshire Psychiatric Research Ethics
Committees, UK. Diagnosis was confirmed using the Structural Clinical
Interview for DSM-IV Disorders.27 Forty-four controls (32 males) were also
recruited (30.4 ± 8 years). There were no statistically significant differences
in age or sex (P40.05) between patients and controls. Full Scale
Intelligence Quotient (FSIQ) was available for 32 controls (122.4 ± 15.3)
and 28 patients (101.8 ± 20.4), and was significantly reduced in the patient
group (B=− 20.7, t=− 4.46, Po0.0001). Medication and dose were
available for 31 patients from which were derived chlorpromazine
equivalent doses (417.5 ± 296.7mg daily); duration of illness was calculated
for 32 patients (121.3 ± 87.6 months). Positive and Negative Syndrome
Scale (PANSS) was available for 30 patients (93.77 ± 20.3).
Structural MRI data were acquired using a 1.5-T Sonata MRI system
(Siemens Medical Systems, Erlangen, Germany) with a standard quadrature
head coil and maximum 40 mT m− 1 gradient capability at the Oxford
Centre for Clinical Magnetic Resonance Research. Whole-brain T1-weighted
images were acquired with a FLASH sequence using the following
parameters: coronal orientation; image matrix = 256× 256, with 1 × 1 mm2
in-plane resolution; 208 slices of slice thickness 1 mm; echo time (TE)
= 5.6 ms; repetition time (TR) = 12 ms; and flip angle α= 19°.
Cortical reconstruction and analysis
Cortical reconstructions were generated using the software FreeSurfer 5.2
(freely available from http://surfer.nmr.mgh.harvard.edu/).23,28,29 In brief,
raw image data voxels were sub-sampled to voxels of side 1 mm3. The data
were then normalized for intensity, radio-frequency-bias field inhomo-
geneities were modeled and removed, followed by skull-stripping. The
cerebral white matter was subsequently identified after which the
hemispheres were separated, tessellated and deformed to produce an
accurate and smooth representation of the gray–white interface. These
surface reconstruction processes were conducted in native space. To
correct for minor inaccuracies, the reconstructions were manually edited.
Eight scans (three patients and five controls) were omitted from further
analyses due to large errors or artefacts. Mean curvature was measured to
divide the cortex into gyri and sulci. Gyri have a negative mean curvature;
sulci have a positive mean curvature.
Morphometric measurements of supragranular layer thickness
changes
Four distinct morphometric markers of supragranular thickness changes
were developed, which are explained below.
Whole-brain gyral–sulcal thickness differences. Cortical thickness was
measured as the shortest distance between each vertex on the white
matter surface and the pial surface.23 Mean gyral and sulcal thicknesses
were calculated for each individual, as was the difference between these
two measures. The ratio between total gyral and sulcal surface area was
also calculated to test for systematic changes in cortical surface
classification.
Whole-brain gyral–sulcal intrinsic curvature differences. Intrinsic or Gaus-
sian curvature was calculated for each vertex on the cortex on the white
matter and pial surface reconstructions as the product of the principal
curvatures.19,24 Mean modulus of intrinsic curvature was calculated for
gyral and sulcal cortex at the white matter and pial surfaces, along with the
difference between gyral and sulcal measurements.
Regional specific pattern. A local measure of gyral–sulcal thickness
differences (GSDs) was created as a normalized difference between mean
gyral and sulcal cortical thickness within a 25-mm radius of each vertex i
on an inflated cortical surface.
GSDi ¼ Gm - SmGm þ Sm ð1Þ
The value of this measure increases when GSDs increase. Thus, an increase
in GSD is taken as a measure of the extent to which thinning is sulcal-
specific. A unit of 25 mm was chosen as the disk radius to balance local
specificity and capturing sufficient gyral and sulcal cortex, independent of
central vertex location.30 Supplementary Figure 1 shows the effect of
varying disk radius on the relative areas of gyral and sulcal cortex captured
by the disk.
Per-vertex GSD was registered from individuals to an average surface,
and comparison was carried out between patients and controls, controlling
for differences in white matter total surface area. Total brain surface area is
related to other morphometric measures such as cortical thickness and
therefore was taken into account in the regression model.31
Furthermore, in order to assess the specificity of our gyral–sulcal-derived
markers of supragranular thinning, we compared our regional measure of
sulcal-specific thinning with previously reported post-mortem findings.
Thickness measurements for cortical regions were taken from von
Economo.2 Where explicit measurement for a layer was omitted,
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approximate layer thicknesses were inferred based on textual description,
annotated figures and comparison with measurements from the remaining
five layers. These values were compared with regional measures of sulcal-
specific thinning in schizophrenia using the population-average, landmark-
and surface-based (PALS) atlases of Brodmann areas.32,33 Von Economo
regions were identified based on the Brodmann atlas and reference
tables.34
Cortical thickness gradient in visual hierarchy. Cortical thickness gradients
across the visual hierarchy were calculated for all subjects.26 Briefly, visual
regions were parcellated on individual subjects according to the PALS
visuotopic atlas.32,33 These regions were given estimates of hierarchical
level derived from functional studies.35 The gradient of regional cortical
thickness against visual hierarchical position was calculated using a linear
model. Gradients were then compared between patients and controls,
accounting for hemispheric differences.
Statistical analyses
Statistical analyses of the data were carried out using MATLAB36 and R.37
Patient–control differences were calculated for each of these measures
using a linear mixed effects model, controlling for hemispheric differences,
total surface area, age, sex and the random effect of individual. The effect
of FSIQ on measures 1, 2 and 4 was calculated on the 60 individuals for
whom the measure was available, accounting for hemispheric differences,
total surface area, sex and the random effect of individual. The effect of
PANSS, medication and illness duration on measures 1, 2 and 4 were
calculated within the patient group with a linear mixed effects model
accounting for hemispheric differences, total surface area, sex and the
random effect of individual.
RESULTS
Whole-brain GSDs
In line with neuropathology and previous neuroimaging studies,
cortical thickness was significantly decreased in patients with
schizophrenia in both gyri (B=− 0.21, t=− 6.20, Po0.0001) and
sulci (B=− 0.29, t=− 7.12, Po0.0001; Figures 1 and 2a(i); see
Supplementary Figure 2 for vertex-wise cortical thickness differ-
ences). The difference between mean gyral and sulcal thickness
was greater in patients with schizophrenia than in controls
(B= 0.08, t= 4.60, Po0.0001; Figure 2a(ii)). This is in line with the
hypothesis that supragranular pathology would be differentially
expressed in sulci, owing to the relatively increased supragranular
thickness in these regions. There were no significant differences in
the ratio of gyral/sulcal cortical surface area (P= 0.39), thus
increased GSD was not caused by systematic misclassification of
the cortical surface. There was a small effect of FSIQ on GSD
(B= 0.0012, t= 2.06, Po0.05), but no effect of sex or age. There
was no significant effect of PANSS (P= 0.12), medication (P= 0.12)
or illness duration (P= 0.14) on GSDs within the patient group.
Intrinsic curvature
Consistent with upper cortical layer changes driven by supra-
granular pathology, there was a significant reduction in pial
surface intrinsic curvature of both gyri (B=− 0.017, t=− 5.59,
Po0.0001) and sulci (B=− 0.040, t=− 6.97, Po0.0001; Figure 2b
(ii)), but no change in curvature of the white matter surface
intrinsic curvature of gyri (B= 0.001, t= 0.29, P= 0.77) or sulci
(B= 0.001, t= 0.44, P= 0.66).
Moreover, given the increased prominence of upper cortical
layers in sulci, the sulcal curvature was disproportionately
decreased, relative to gyral curvature in subjects with schizo-
phrenia (B= 0.023, t= 7.21, Po0.0001; Figure 2b(ii)). There was no
effect of sex, age or FSIQ on gyral–sulcal pial curvature difference.
There was also no effect of PANSS (P= 0.89), medication (P= 0.92)
or illness duration (P= 0.22) on gyral–sulcal curvature differences
within the patient group.
Regional specific pattern
In line with our hypotheses GSDs were nonuniformly increased in
schizophrenia. Areas of the DLPFC/BA46, temporal and parietal
cortex exhibit significantly increased, gyral–sulcal differences
(Figure 3a). The anterior cingulate cortex showed decreased GSD
in line with the neuropathological studies finding no measurable
supragranular change.38 These findings in the DLPFC and anterior
cingulate cortex are consistent with previously published neuro-
pathology studies measuring layer thicknesses in schizophrenia
(Figure 3b).
The pattern of changes in gyral–sulcal differences in schizo-
phrenia was related to neuropathological layer II thickness
measurements taken from healthy individuals (B=− 4.17, t=
− 2.11, Po0.05). This was not true of other cortical layers
(Figure 4), suggesting that GSD was uniquely sensitive to layer II
changes. This finding was not corrected for multiple comparisons.
Nevertheless, the pattern of changes in schizophrenia provided
further support that sulcal-specific thinning was more significant
in regions with a normally thicker layer II.
Cortical thickness gradient in visual hierarchy
Cortical thickness was strongly correlated with regional estimates
of hierarchical level in both patients and controls (Figure 5a).
However, the hierarchy-thickness gradient was significantly
steeper in patients with schizophrenia than in healthy controls
(B= 0.0095, t= 8.33, Po0.0001; Figure 5b). This is consistent with
disproportionate supragranular thinning, as these layers are more
prominent lower in a sensory hierarchy. There was also a
significant hemisphere (B= 0.023, t= 27.6, Po0.0001) and hemi-
sphere by diagnosis interaction (B=− 0.006, t=− 5.19, Po0.0001).
There are interhemispheric asymmetries in the visual parcellation
scheme used, which give rise to an apparent steepening of
thickness gradient.26 There was no effect of sex, age or FSIQ. There
was no significant effect of PANSS (P= 0.94), medication (P= 0.86)
Figure 1. Morphological effect of disproportionate supragranular
thinning (I–III, green/blue; infragranular, V and VI, light gray).
Decreased dendrites and synapses in schizophrenia can result in
thinner supragranular layers, which may in turn be reflected in
changes to large-scale cortical morphology. In particular, supragra-
nular layers are thicker in sulci than in gyri, thus pruning will lead to
disproportionately reduced cortical thickness in sulci compared with
gyri. Similarly, pruning of the supragranular layers will affect the
curvature of the pial surface more than the curvature of the
boundary between gray and white matters, again disproportio-
nately more in sulci than gyri.
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or illness duration (P= 0.91) on gradients of cortical thickness
within the patient group.
DISCUSSION
In vivo structural MRI measures cannot currently resolve cortical
layers and therefore our ability to interpret morphological
changes in terms of underlying pathological processes affecting
different cortical layers is limited. In this paper we sought to
develop surrogate markers of cortical structure that are sensitive
to supragranular layer-specific changes. These markers are based
on predictable patterns of cytoarchitecture elucidated by post-
mortem studies, which have indicated that laminar thicknesses
have a close relationship with macroscale structure.2,20 We were
Figure 2. (a) (i) Cortical thickness is decreased in both gyri and sulci in schizophrenia (Po0.0001). (ii) Supragranular layers are thicker in sulci
so that supragranular pathology in schizophrenia leads to a disproportionate decrease in the thickness of the cortex in sulci compared with
gyri (Po0.0001). (b) (i) Intrinsic curvature at the pial surface is decreased in both gyri and sulci in schizophrenia (Po0.0001). Consistent with a
predominantly upper cortical layer change, there was no difference in intrinsic curvature at the white matter surface. (ii) For the same reason
as in a (ii) above, sulcal intrinsic curvature is disproportionately decreased relative to gyral curvature in schizophrenia (Po0.0001).
Figure 3. Per-vertex comparison of gyral–sulcal thickness differences (GSDs). (a) Local GSDs are regionally increased particularly in dorsolateral
prefrontal cortex (DLPFC/BA46), superior temporal gyrus, inferior temporal gyrus and inferior parietal gyrus. (b) The regional pattern of sulcal-
specific thinning is consistent with neuropathology studies of schizophrenia, which have identified layer II thinning in BA46,13 but not BA9,
BA44 (ref. 39) or anterior cingulate cortex.38
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therefore able to identify four morphological changes consistent
with supragranular thinning, namely (i) disproportionate gyral–
sulcal thinning, (ii) disproportionate alterations in gyral–sulcal pial
surface intrinsic curvature, (iii) a region-specific pattern of sulcal
thinning and (iv) a steeper gradient of thickness across the visual
hierarchy. We tested these interlinked markers on existing data
from people with schizophrenia and matched controls, accounting
for the effects of medication, illness duration and severity, as well
as age, sex and FSIQ. Taken together, our markers indicated that
supragranular changes are present in vivo in patients with
schizophrenia and support the evidence from functional and
histological modalities that some of the deficits associated with
schizophrenia may have their origin in upper cortical layer
pathology.6,9,40 Moreover these measures can be applied more
generally as in vivo structural markers of layer-specific change.
In this experiment, we adopted schizophrenia as a proof-of-
concept case predicated on evidence from a wide range of
neuropathology studies that identify changes to the supragranular
cortical layers in the disease. In each case, our methods were in
agreement with pathological evidence. For example, markers for
supragranular thinning were found in the DLPFC (BA46)13 but not
in the anterior cingulate cortex (BA24)38 in line with our findings of
regional variation of sulcal-specific thinning.
As a marker of supragranular cortical pathology in schizo-
phrenia, sulcal-specific thinning has further implications for
understanding the development of schizophrenia. Schizophrenia
commonly manifests during adolescence and is thought to relate
to structural changes over this period.41 In particular, cortical
thinning, which is nonuniform in healthy neurodevelopment,
demonstrates increased thinning in sulci compared with gyri.42
Histologically, much of layer II merges with layer III of the cortex
between late childhood and adulthood.1 If healthy adolescent
development involves thinning and pruning of dendrites in layers
II and III,43 for which sulcal thinning is a marker, then excessive
sulcal thinning in schizophrenia44 might be a result of dysregula-
tion of this normal developmental process in adolescents. Indeed,
sulcal thinning in certain cortical regions has been shown to be a
vulnerability indicator in schizophrenia.45
The fact that our observations suggest widespread supragra-
nular changes is in keeping with the prevailing view that the
range of functional changes in schizophrenia is diffuse in origin.
Our fourth observation—of a steeper thickness gradient in the
visual hierarchy in schizophrenia—may be interpreted in func-
tional terms, notably with respect to the balance between top-
down and bottom-up processing, which is a key part of the
predictive coding model of schizophrenia.46 This model hypothe-
sizes a widespread disruption, whereby the comparison between
feedback predictions and feedforward sensory input to create a
prediction error is perturbed. Across the cortex this comparison is
made in the supragranular layers II/III (ref. 5), and multiple lines of
evidence suggest that this supragranular function is disrupted in
schizophrenia. Prediction errors are communicated at gamma-
range oscillations,47–49 which are widely disrupted in schizo-
phrenia.50 Moreover patients fail to modulate their response from
unpredictable to predictable stimuli,51–53 suggesting differing
feedback signals are failing to modulate prediction error signaling.
Our final result demonstrates that the normal progressively
changing structure of the cortex within a sensory hierarchy is
disrupted in schizophrenia. Cortical hierarchies show progressive
changes in cytoarchitecture and thickness, reflecting a shifting
balance between feedforward and feedback connectivity.26 A
steepening visual hierarchy suggests a shift toward stronger
feedback connectivity—such a shift has also been demonstrated
using functional MRI.40 Our results therefore offer an important
link between the observation of post-mortem supragranular layer
pathology and widespread functional deficits in prediction error
coding in schizophrenia.
Figure 4. (a) Regional gyral–sulcal cortical thickness difference (GSD)
compared with histological measurements of thickness for each
cortical layer and their combined total cortical thickness, taken from
von Economo.2 (b) Only layer II thickness is significantly correlated
(Po0.05) with the regional measure of sulcal-specific thinning in
schizophrenia. This did not survive correction for multiple
comparisons.
Figure 5. (a) Cortical thickness increases with visual hierarchical level
in both controls and patients with schizophrenia (Po0.0001). Visual
regions are listed below their assigned hierarchical level. (b) The
gradient of thickness against hierarchical level is steeper in patients
with schizophrenia for both left and right hemispheres (Po0.0001).
This is consistent with supragranular thinning and has implications
for the balance of feedforward/feedback connectivity in sensory
regions.
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In vivo imaging cannot yet resolve these laminar cortical
changes directly, but here we have demonstrated that certain
markers of such changes can be quantified at the relatively low
resolution accessible to 1.5 T or 3 T MRI. Indeed, as these are four
complementary and cytoarchitecturally derived markers of cortical
surface morphology, they are readily quantifiable at lower field
strengths and are more robust to problems with false positives
that beset vertex- or voxel-wise analyses. Although we have
demonstrated their applicability in schizophrenia, the methods
developed here to detect laminar cortical changes may be applied
generally. For example, cortical layers follow different develop-
mental trajectories3 that may produce differential development of
both cortical regions54 and of gyri and sulci.42 As such, the
methods presented here may be adopted as useful markers of
cortical development. Similarly, many other neuropsychiatric
cortical pathologies exhibit a degree of laminar specificity,
including Alzheimer’s disease55 and autism.56 The power to
identify subtle case–control differences in these diseases may
potentially be increased by adopting surrogate markers of laminar
specific changes.
Morphological measures in structural MRI are necessarily limited
by scale. However, by using fundamental knowledge of cortical
organization, we developed a series of surrogate markers of
supragranular layer changes. Although the value of the methods
developed here has been demonstrated in schizophrenia, they are
as generally applicable as other, more conventional approaches to
studying cortical morphology. Our in vivo structural results are
consistent with neuropathological, developmental and functional
evidence that schizophrenia is characterized by widespread
abnormalities in the supragranular cortical layers.
CONFLICT OF INTEREST
PCF has received money in the past for ad hoc consultancy services, from
GlaxoSmithKline. The remaining authors declare no conflict of interest.
ACKNOWLEDGMENTS
KW is supported by the University of Cambridge MB/PhD Programme and, together
with KJW, by the Wellcome Trust. IMG by a Wellcome Trust Strategic Award (RNAG/
260), and LR and PCF by the Bernard Wolfe Health Neuroscience Fund and
Wellcome Trust.
REFERENCES
1 Brodmann K. Vergleichende Lokalisationslehre der Grosshirnrinde in ihren Prinzipien
dargestellt auf Grund des Zellenbaues. Barth: Leipzig, 1909.
2 von Economo CF, Parker S. The cytoarchitectonics of the human cerebral cortex.
J Anat 1929; 63: 389.
3 Conel JL. Postnatal Development of the Human Cerebral Cortex. Harvard University
Press: Cambridge, MA, USA, 1939.
4 Douglas RJ, Martin KA. A functional microcircuit for cat visual cortex. J Physiol
1991; 440: 735–769.
5 Bastos AM, Usrey WM, Adams RA, Mangun GR, Fries P, Friston KJ. Canonical
microcircuits for predictive coding. Neuron 2012; 76: 695–711.
6 Harrison PJ. The neuropathology of schizophrenia. Brain 1999; 122: 593–624.
7 Benes FM, McSparren J, Bird ED, SanGiovanni JP, Vincent SL. Deficits in small
interneurons in prefrontal and cingulate cortices of schizophrenic and schi-
zoaffective patients. Arch Gen Psychiatry 1991; 48: 996–1001.
8 Chance SA, Walker M, Crow TJ. Reduced density of calbindin-immunoreactive
interneurons in the planum temporale in schizophrenia. Brain Res 2005; 1046:
32–37.
9 Curley AA, Lewis DA. Cortical basket cell dysfunction in schizophrenia. J Physiol
2012; 590: 715–724.
10 Cullen TJ, Walker MA, Eastwood SL, Esiri MM, Harrison PJ, Crow TJ. Anomalies of
asymmetry of pyramidal cell density and structure in dorsolateral prefrontal
cortex in schizophrenia. Br J Psychiatry 2006; 188: 26–31.
11 Garey LJ, Ong WY, Patel TS, Kanani M, Davis A, Mortimer AM et al. Reduced
dendritic spine density on cerebral cortical pyramidal neurons in schizophrenia.
J Neurol Neurosurg Psychiatry 1998; 65: 446–453.
12 Joshi D, Catts VS, Olaya JC, Weickert CS. Relationship between somatostatin and
death receptor expression in the orbital frontal cortex in schizophrenia: a post-
mortem brain mRNA study. npj Schizophrenia 2015; 1: 1–9.
13 Selemon LD, Rajkowska G, Goldman-Rakic PS. Elevated neuronal density in pre-
frontal area 46 in brains from schizophrenic patients: application of a three-
dimensional, stereologic counting method. J Comp Neurol 1998; 392: 402–412.
14 Harrison PJ, Lewis DA, Kleinman JE. Neuropathology of schizophrenia. In:
Weinberger DR, Harrison PJ (eds). Schizophrenia. Wiley-Blackwell, Oxford, 2010,
pp 372–392.
15 Selemon LD, Lidow MS, Goldman-Rakic PS. Increased volume and glial density in
primate prefrontal cortex associated with chronic antipsychotic drug exposure.
Biol Psychiatry 1999; 46: 161–172.
16 Kril JJ, Halliday GM, Svoboda MD, Cartwright H. The cerebral cortex is damaged in
chronic alcoholics. Neuroscience 1997; 79: 983–998.
17 Kuperberg GR, Broome MR, McGuire PK, David AS, Eddy M, Ozawa F et al.
Regionally localized thinning of the cerebral cortex in schizophrenia. Arch Gen
Psychiatry 2003; 60: 878–888.
18 Rimol LM, Nesvåg R, Hagler DJ Jr, Bergmann O, Fennema-Notestine C, Hartberg
CB et al. Cortical volume, surface area, and thickness in schizophrenia and bipolar
disorder. Biol Psychiatry 2012; 71: 552–560.
19 Ronan L, Voets NL, Hough M, Mackay C, Roberts N, Suckling J et al. Consistency
and interpretation of changes in millimeter-scale cortical intrinsic curvature across
three independent datasets in schizophrenia. Neuroimage 2012; 63: 611–621.
20 Hilgetag CC, Barbas H. Role of mechanical factors in the morphology of the
primate cerebral cortex. PLoS Comput Biol 2006; 2: e22.
21 Bok ST. Histonomy of the Cerebral Cortex. Elsevier Publishing Company: Amster-
dam, The Netherlands, 1959.
22 Welker W. Why does cerebral cortex fissure and fold? A review of determinants of
gyri and sulci. In: Jones EG, Peters A (eds). Cerebral Cortex. Springer: New York,
USA, 1990, pp 3–136.
23 Fischl B, Dale AM. Measuring the thickness of the human cerebral cortex from
magnetic resonance images. Proc Natl Acad Sci USA 2000; 97: 11050–11055.
24 Ronan L, Pienaar R, Williams G, Bullmore E, Crow TJ, Roberts N et al. Intrinsic
curvature: a marker of millimeter-scale tangential cortico-cortical connectivity? Int
J Neural Syst 2011; 21: 351–366.
25 Charvet CJ, Cahalane DJ, Finlay BL. Systematic, cross-cortex variation in neuron
numbers in rodents and primates. Cereb Cortex 2013; 25: 147–160.
26 Wagstyl K, Ronan L, Goodyer IM, Fletcher PC. Cortical thickness gradients in
structural hierarchies. Neuroimage 2015; 111: 241–250.
27 First MB, Spitzer RL, Gibbon M, Williams JBW. User’s Guide for the Structured Clinical
Interview for DSM-IV Axis I Disorders SCID-I: Clinician Version. American Psychiatric
Publishing: Washington, D.C. 1997.
28 Dale AM, Fischl B, Sereno MI. Cortical surface-based analysis. I. Segmentation and
surface reconstruction. Neuroimage 1999; 9: 179–194.
29 Fischl B, Sereno MI, Dale AM. Cortical surface-based analysis. II: inflation, flatten-
ing, and a surface-based coordinate system. Neuroimage 1999; 9: 195–207.
30 Schaer M, Cuadra MB, Tamarit L, Lazeyras F, Eliez S, Thiran J-P. A surface-based
approach to quantify local cortical gyrification. IEEE Trans Med Imaging 2008; 27:
161–170.
31 Im K, Lee JM, Lyttelton O, Kim SH, Evans AC, Kim SI. Brain size and cortical
structure in the adult human brain. Cereb Cortex 2008; 18: 2181–2191.
32 Van Essen DC. A Population-average, Landmark- And Surface-based (PALS) atlas
of human cerebral cortex. Neuroimage 2005; 28: 635–662.
33 Van Essen DC, Dierker DL. Surface-based and probabilistic atlases of primate
cerebral cortex. Neuron 2007; 56: 209–225.
34 Zilles K, Palomero-Gallagher N, Amunts K. Myeloarchitecture and maps of the
cerebral cortex. In: Toga AW (ed). Brain Mapping. Elsevier: San Diego, 2015,
pp 137–156.
35 Grill-Spector K, Malach R. The human visual cortex. Annu Rev Neurosci 2004; 27:
649–677.
36 MATLAB and Statistics Toolbox Release 2012b. The MathWorks, Natick, MA, USA,
2012.
37 R Core Team. R: A Language and Environment for Statistical Computing. R Foun-
dation for Statistical Computing: Vienna, Austria, 2012.
38 Benes FM, Vincent SL, Todtenkopf M. The density of pyramidal and nonpyramidal
neurons in anterior cingulate cortex of schizophrenic and bipolar subjects. Biol
Psychiatry 2001; 50: 395–406.
39 Selemon LD, Mrzljak J, Kleinman JE, Herman MM, Goldman-Rakic PS.
Regional specificity in the neuropathologic substrates of schizophrenia: a mor-
phometric analysis of Broca’s area 44 and area 9. Arch Gen Psychiatry 2003; 60:
69–77.
40 Fogelson N, Litvak V, Peled A, Fernandez-del-Olmo M, Friston K. The functional
anatomy of schizophrenia: a dynamic causal modeling study of predictive coding.
Schizophr Res 2014; 158: 204–212.
41 Insel TR. Rethinking schizophrenia. Nature 2010; 468: 187–193.
Morphological markers of supragranular thinning
K Wagstyl et al
6
Translational Psychiatry (2016), 1 – 7
42 Vandekar SN, Shinohara RT, Raznahan A, Roalf DR, Ross M, DeLeo N et al. Topo-
logically Dissociable patterns of development of the human cerebral cortex. J
Neurosci 2015; 35: 599–609.
43 Woo TU, Pucak ML, Kye CH, Matus CV, Lewis DA. Peripubertal refinement of the
intrinsic and associational circuitry in monkey prefrontal cortex. Neuroscience
1997; 80: 1149–1158.
44 White T, Andreasen NC, Nopoulos P, Magnotta V. Gyrification abnormalities in
childhood- and adolescent-onset schizophrenia. Biol Psychiatry 2003; 54: 418–426.
45 Goghari VM, Rehm K, Carter CS, MacDonald AW. Sulcal thickness as a vulnerability
indicator for schizophrenia. Br J Psychiatry 2007; 191: 229–233.
46 Fletcher PC, Frith CD. Perceiving is believing: a Bayesian approach to explaining
the positive symptoms of schizophrenia. Nat Rev Neurosci 2009; 10: 48–58.
47 Buffalo EA, Fries P, Landman R, Buschman TJ, Desimone R. Laminar differences in
gamma and alpha coherence in the ventral stream. Proc Natl Acad Sci USA 2011;
108: 11262–11267.
48 Bastos AM, Litvak V, Moran R, Bosman CA, Fries P, Friston KJ A. DCM study of
spectral asymmetries in feedforward and feedback connections between visual
areas V1 and V4 in the monkey. Neuroimage 2015; 108: 1–16.
49 Fontolan L, Morillon B, Liegeois-Chauvel C, Giraud A-L. The contribution of
frequency-specific activity to hierarchical information processing in the human
auditory cortex. Nat Commun 2014; 5: 4694.
50 Williams S. Gamma oscillations and schizophrenia. J Psychiatry Neurosci 2010; 35:
75–77.
51 Urban A, Kremlácek J, Masopust J, Libiger J. Visual mismatch negativity among
patients with schizophrenia. Schizophr Res 2008; 102: 320–328.
52 Fogelson N, Ribolsi M, Fernandez-Del-Olmo M, Rubino IA, Romeo D, Koch G et al.
Neural correlates of local contextual processing deficits in schizophrenic patients.
Psychophysiology 2011; 48: 1217–1226.
53 Baldeweg T, Hirsch SR. Mismatch negativity indexes illness-specific impairments
of cortical plasticity in schizophrenia: a comparison with bipolar disorder and
Alzheimer’s disease. Int J Psychophysiol 2015; 95: 145–155.
54 Shaw P, Kabani NJ, Lerch JP, Eckstrand K, Lenroot R, Gogtay N et al. Neurode-
velopmental trajectories of the human cerebral cortex. J Neurosci 2008; 28:
3586–3594.
55 Lewis DA, Campbell MJ, Terry RD, Morrison JH. Laminar and regional
distributions of neurofibrillary tangles and neuritic plaques in Alzheimer’s
disease: a quantitative study of visual and auditory cortices. J Neurosci 1987; 7:
1799–1808.
56 Stoner R, Chow ML, Boyle MP, Sunkin SM, Mouton PR, Roy S et al. Patches of
disorganization in the neocortex of children with autism. N Engl J Med 2014; 370:
1209–1219.
This work is licensed under a Creative Commons Attribution 4.0
International License. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated
otherwise in the credit line; if the material is not included under the Creative Commons
license, users will need to obtain permission from the license holder to reproduce the
material. To view a copy of this license, visit http://creativecommons.org/licenses/
by/4.0/
Supplementary Information accompanies the paper on the Translational Psychiatry website (http://www.nature.com/tp)
Morphological markers of supragranular thinning
K Wagstyl et al
7
Translational Psychiatry (2016), 1 – 7
